Introduction
The cellular correlates of learning and memory have been the subjects of intense study and 41 speculation. We and others have used patterns of activity that produce late-phase long-term potentiation (L-42 LTP), a form of synaptic plasticity resulting in an increased synaptic efficacy. L-LTP is protein synthesis 43 dependent and lasts more than three hours. Although some structural changes occur early following the 44 induction of LTP, the lasting changes are most likely to reflect mechanisms of memory. Post hoc three-45 dimensional reconstruction from serial section electron microscopy (3DEM) of synapses and resident 46 structures has revealed alterations that occur and are sustained long after the induction of LTP [1] [2] [3] [4] . 47
Mechanistic interpretation has been limited, however, because it has only been possible to compare 48 subpopulations of synapses near LTP-producing versus control sites, rather than identify potentiated 49 synapses. Genetic targeting to tag and stimulate individual cells can be achieved by co-expressing 50 channelrhodopsin2 (ChR2) and a modified ascorbate peroxidase [5, 6] . Here, we adapted this approach to 51 potentiate a subset of CA3→CA1 hippocampal axons and to identify synapses recently involved in L-LTP. 52
Optical modulation of plasticity is routinely used across brain areas, and in vivo experiments have 53 revealed a correlation between behavioral memory and optically-induced synaptic plasticity (LTP and long-term 54 depression [LTD]) [7, 8] . In slice preparations, past efforts using various protocols to induce LTP using ChR2 55 have been limited to whole-cell recordings and short post-induction times [9] [10] [11] [12] . In the hippocampal 56 CA3→CA1 pathway, a previous study used optical stimulation to induce late-phase LTD in vivo [13] ; however, 57 in this pathway, optically induced L-LTP to our knowledge has not been demonstrated. 58 00 Mice under isoflurane anesthesia (1-4% mixed in O2) were placed in a stereotaxic apparatus and 01 prepared for injections with craniotomies over the hippocampal area CA3. Unilateral injections were performed 02 using a pulled glass pipette (10-15 μm diameter tip) mounted on a Nanoject II small-volume injector 03 (Drummond Scientific). Approximately 30 nl of virus was deposited at each injection site at 1-2 minute intervals 04 (from bregma in mm: AP +1.9, ML -2.3, DV 1.8, 1.6, 1.4; AP +2.1, ML -2.5, DV 1.8, 1.6, 1.4). The pipette was 05 left in place for 3-5 min before being removed from the brain. Carprofen (5 mg/kg, sc; TW Medical Cat# PF-06 8507) was injected 20 min before the end of surgery, and mice were monitored daily thereafter to ensure full 07 recovery. Two rAAV-injected mice (129S6/SvEvTac) were perfusion-fixed under heavy isoflurane anesthesia 08 with 4% paraformaldehyde in 0.02 M phosphate buffer (PB) to verify injection sites, and 15 mice (four 09 129S6/SvEvTac and 11 C57B/6J) were perfusion-fixed with glutaraldehyde (up to 2.5%) and formaldehyde (up 10 to 2%), followed by 20 mM glycine in cacodylate buffer to quench free aldehydes, to verify enzymatic activity of 11 mAPEX2 with Ni-DBA staining as described below . 12 13 Histology and light microscopy 14 For immunostaining, the fixed neurons were permeabilized with 0.2% Triton X-100 in PBS for 5 min, 15 rinsed in PBS, and blocked in 5% bovine serum albumin (BSA; Sigma-Aldrich) and 5% normal goat serum 16 (NGS; VectorLabs) for 15 min. The cells were then incubated overnight at 4°C with rabbit anti-myc (1:250; 17
Stereotaxic injections
Sigma-Aldrich Cat# C3956, RRID:AB_439680) in PBS with 2% BSA, 3% NGS, 0.1% Triton X-100, followed by 18 6 PBS washes and incubation for 1 hr with goat anti-rabbit IgG conjugated with Cy5 (1:100; Jackson 19 ImmunoResearch Labs Cat# 111-175-144, RRID:AB_2338013) in PBS with 2% BSA, 3% NGS, 0.1% Triton X-20 100. After PBS washes, the coverslips containing neurons were mounted on glass microscope slides with 21 Aqua/Poly antifade mountant (PolyScience) for epifluorescence microscopy. 22
For DAB-labeling, the neurons were rinsed with cacodylate buffer and treated with 20 mM glycine. Then 23 the neurons were rinsed several times before being incubated with DAB (0.5 mg/ml) and H2O2 (0.03%) in 24 cacodylate buffer for 30 min. After buffer rinses, the coverslips were dehydrated in ethanol, cleared in xylenes, 25 and mounted on glass slides with DPX (Electron Microscopy Sciences) for brightfield microscopy. 26
To verify injection sites, the perfusion-fixed brain was vibratome-sectioned (100 µm thickness) for 27 epifluorescent microscopy to visualize GFP. To assess enzymatic activity of mAPEX2, the vibratome-sections 28 (50 µm thickness) of the fixed brain containing the dorsal hippocampus were incubated with Ni-DAB solution 29
(2.5 mM ammonium Ni [II] sulfate and 0.8 mM DAB in 0.1 M PB) for 20 min, before H2O2 (final concentration 30 0.0003%) was added and incubated for 10 min. After PB rinses, some of the Ni-DAB labeled sections were 31 processed for EM as described below. Otherwise, they were mounted on glass microscope slides, dehydrated 32 in ethanol, cleared with xylenes, and coverslips were applied with DPX. Epifluorescence and brightfield images 33 were acquired on a Zeiss Axio Imager.Z2 microscope with AxioCamMR3 camera, or a Zeiss Axio Imager.M2 34 with AxioCamHRc3 camera. 35
Instead of the TSA labeling (described below), some of the vibratome sections collected from fixed 36 hippocampal slices were permeabilized and blocked with PBS containing 0.3% Triton X-100, 1% BSA, and 37 10% NGS. The vibraslices were then incubated for overnight at RT with rabbit anti-HA antibody (1:1000; Cell 38
Signaling Technology Cat# 3724, RRID:AB_1549585), followed by 1 hr with the Cy5-conjugated goat anti-39 rabbit IgG. After PBS rinses, the vibraslices were mounted on glass microscope slides and coverslips were 40 applied with Aqua/Poly mountant for imaging with a Leica TCS SP5 confocal microscope. Single channel 41 stacks (8 bit, 2048 × 2048 pixels at 19.1 or 28.6 nm/pixel) were acquired for GFP (458 nm laser) and Cy5 (633 42 nm laser) with 63× objective (oil, NA 1.32) at 4× zoom. 43 44 7 Slice preparation, electrophysiology, optical stimulation 45 Six weeks after rAAV injections, the mice were anesthetized deeply with isoflurane and then 46 decapitated. The brain was removed from the cranium, and the left hippocampus was dissected out and rinsed 47 with room temperature (RT) artificial cerebrospinal fluid (aCSF; pH = 7.4) containing (in mM) 117 NaCl, 5.3 48 KCl, 26 NaHCO3, 1 NaH2PO4, 2.5 CaCl2, 1.3 MgSO4, and 10 D-glucose, and bubbled with 95% O2-5% CO2. 49
Slices (400 μm thickness; 4 per animal) from the dorsal hippocampus were cut at 70° transverse to the long 50 axis on a Stoelting tissue chopper and transferred in oxygenated aCSF to the supporting nets of interface 51 chambers in the Synchroslice system (Lohmann Research Equipment). The entire dissection and slice 52 preparation took ~5 min. This rapid dissection, together with the interface chamber design, provides for high-53 quality ultrastructure during long acute slice experiments [24] [25] [26] [27] . Hippocampal slices were placed on a net at 54 the liquid-gas interface between 30-31°C aCSF and humidified 95% O2-5% CO2 atmosphere bubbled through 55 35-36°C deionized water. For experiments in which the area CA3 was cut, the dissection was made using the 56 25-gauge needle on a 1-ml syringe after the slices were transferred into the chambers. 57
After 3 hr of incubation, the optical fiber (300 μm core diameter; 0.39 NA; ThorLabs FT300UMT) and 58 recording electrode (Thomas Recording) were positioned 400-600 μm apart in middle stratum radiatum of the 59 area CA1 with the fiber placed toward the area CA3. An optimal position of the recording electrode was chosen 60 by probing several points across CA1 and SR to achieve larger responses. One-ms pulses of laser (λ = 473 61 nm; maximal output ~14.5 mW as measured by a Thorlabs S130C light meter) were delivered from source 62 For electrical stimulation experiments, we replaced the optical fiber with a concentric bipolar electrode 71 (FHC, Inc.), which was used to deliver 200 μs biphasic current pulses (100-300 μA), lasting 100 μs each for 72 positive and negative components of the stimulus. The initial eEPSP slope was ∼50% of the maximal eEPSP 73 slope based on the input-output (IO) curve for each slice. IO curves were recorded by using a sequence of 74 pulses applied each 30 s with increasing stimulus intensity in 25 μA increments. Test pulses were given at 1 75 pulse per 2.5 min unless stated otherwise, and eEPSP was recorded. Paired-pulse ratio (PPR) was measured 76 by applying two optical stimuli spaced 50-200 ms apart with 50 ms increment, every 30 s. were stored overnight at RT in the same fixative or in cacodylate buffer. After being immersed in 20 mM 83 glycine for 20 min and buffer rinses, the area CA1 was dissected out under a stereoscope with a microknife 84 and embedded into 9% agarose. Vibratome sections (50 µm thickness) were then collected from the area of 85 optical stimulation to the location of the recording electrode. ChR2-GFP expression was confirmed with 86 epifluorescence microscopy. The sections were transferred to 0.1 M PB and then incubated with tyramide-87 conjugated Alexa Fluor 647 (Thermo Fisher Scientific Cat# T20951) for 15 min in dark before H2O2 was added 88 (final concentration 0.0015%) and incubated for additional 10 min in dark. After washes with PB, the vibraslices 89 were washed in cacodylate buffer before being processed for 3DEM. 90 91 Tissue processing for 3DEM 92 TSA-labeled vibratome section was embedded into 9% agarose to protect it during the subsequent 93 processing, as described previously [28, 29] . The tissue was immersed for 5 min in reduced osmium solution 94 containing 1% osmium tetroxide (OsO4; Electron Microscopy Sciences) and 1.5% potassium ferrocyanide 95 (Sigma-Aldrich) in cacodylate buffer. After several buffer rinses, the tissue was immersed in 1% OsO4 and two 96 cycles of microwave irradiation (175 W; 1 min on → 1 min off → 1 min on) were applied with cooling to ~15°C 97 in between. The tissue was rinsed in buffer several times, twice in purified water, and then immersed in 50% 98 ethanol before being dehydrated in ascending concentrations of ethanol (50%, 70%, 90%, 100%) containing 99 1% uranyl acetate (UA; Electron Microscopy Sciences) with application of microwave irradiation (250 W, 40 s 00 per ethanolic UA step). Ethanol was replaced by propylene oxide, and the tissue was infiltrated and embedded 01 on the unbiased volume method [37] , in which all boutons that did not intersect the exclusion planes were 42 counted in a sub-volume of the 3DEM series encompassing 8 × 8 × 4.1 µm. 43 44 Control for immunogold labeling 45 To control for non-specific binding of the primary and secondary antibodies, we collected serial thin 46 sections from rAAV-injected tissue that was not labeled with tyramide-conjugated dye, but otherwise 47 underwent immunogold labeling. This tissue was derived from the same slice as the one used for 3D 48 reconstruction of a labeled axon as described above. In three consecutive sections (image field size = 1,520 49 µm 2 ) from this control series, we counted axons containing at least one enhanced gold particle (> 10 nm 50 diameter). None of these axons qualified as positively labeled, indicating the false positive rate is negligible. 51 An additional control was performed for non-specific antibody binding, in which another set of serial thin 52 sections from rAAV-injected, tyramide-labeled tissue underwent immunogold labeling with the primary antibody 53 omitted. These sections also showed no axons that qualified as positively labeled in the EM images. To control 54 for self-nucleation of gold enhancement reagent, a tSEM image was also acquired from serial thin sections of 55 the area CA1 that were not immunolabeled, but were incubated with the gold enhancement reagent as above 56 and then stained with UA and lead citrate. 57
To measure the size of enhanced gold particles, the antibody conjugated with 5 nm gold was blotted on 58 a PEI-coated TEM grid and then treated with the gold enhancement reagent as above. We acquired a tSEM 59 image from a square field encompassing 4,096 pixels per side at 1.8 nm/pixel and thresholded the image to 60 identify a total of 527 particles for their size measurement with the particle analysis function of Fiji. This 61 measures the maximum caliper, which is the longest distance between any two points along the selection 62 boundary. Enhanced particles that obviously formed from two or more 5 nm particles placed in close proximity, 63
as evidenced by the presence of negative curvatures, were excluded from this analysis. 64 65 Confocal image analysis 66 Fiji was used for processing and analysis of the confocal images. Maximum intensity projection images 67 were generated from 5 optical sections encompassing 51.5 × 34.3 × 3.2 µm in x, y, and z. Image stacks from 68
Cy5 channel were corrected for bleaching (the simple ratio method under bleach correction function in Fiji) 69 before they were projected. Projected images from GFP and Cy5 channels were merged and thresholded to 70 identify all puncta (≥ 100 nm diameter) labeled with either of the fluorophores, which were then assessed for 71 co-expression in single channel images. A total of 682 labeled puncta were identified, excluding those at edges 3. S1 Video (S1_video.mp4; 71.1 MB). 96 97 98
Results

99
Potentiation of synapses using light 00 We designed an adeno-associated virus vector (rAAV) for stimulating and tracking individual neurons 01 and the trajectories of their axons. The construct encoded two proteins: a ChR2 [14] fused to GFP [15] and an 02 APX from P. sativum [17] to generate the electron-dense deposits detected in EM. We chose ChR2 ET/TC based 03 on its conductance and ability to sustain optical stimulation up to 60 Hz [14] . We modified APX to include 04 amino acid substitutions for increased stability and enzymatic activity [5, 6] . We enhanced its membrane and 05 synapse targeting by adding a palmitoylation signal from growth-associated protein 43 (GAP-43) [18] to 06 produce mAPEX2 ( Fig 1A) . A virus encoding ChR2 and mAPEX2 ensured that both proteins co-localized in the 07 same cells. The observations from dissociated neurons and acute hippocampal slices reflect ChR2-GFP and 08 mAPEX2 co-expression at the cellular and synaptic levels ( Figs 1B and 1C) . We injected the rAAV vector into stratum pyramidale of the hippocampal area CA3 in one hemisphere 30 of the adult mouse brain (S1 Fig, A) . Epifluorescence microscopy confirmed robust expression of ChR2-GFP in 31 the CA3 neurons and in Schaffer collaterals extending into ipsilateral area CA1. The contralateral hippocampus 32 showed GFP-labeled commissural/associational fibers in the areas CA1 and CA3 (S1 Fig, B) . 33
Four to six weeks after virus injection we prepared acute transverse slices from ipsilateral or 34 contralateral hippocampus, four per hemisphere, covering the dorsal region. The slices were allowed to 35 recover for 3 hr in interface chambers [38] . We then applied pulses of blue light (473 nm wavelength; ~14.5 36 mW power) via an optical fiber (300 μm diameter) positioned over the area CA1 stratum radiatum in each 37 chamber ( Fig 1D) and examined the ChR2 responses. Typically, 2-4 slices displayed optical responses. In 38 16 these slices, optically-evoked field excitatory postsynaptic potentials (oEPSP) and population spike shapes 39 recorded within different strata of area CA1 resembled the waveforms observed previously with electrical 40 stimulation (eEPSP) [39-41], confirming a similar propagation of the signal. Although oEPSP were similar to 41 eEPSP, we noticed a difference in the shape of the waveform: the initial activation stage consisted of more 42 than one component, visible as change in slope. We assume this could be due to asynchrony of fiber firing at 43 different sites along stratum radiatum because of the relatively larger area stimulated by light compared to 44 concentric bipolar stimulating electrodes. In accordance with prior reports, oEPSP had comparable slopes and 45 amplitudes between ipsilateral and contralateral groups of fibers [11, 42] , although these parameters were 46 significantly smaller than in electrical responses (S1 Fig, D) . Light-evoked short-term plasticity [43], measured 47 as paired-pulse ratio (PPR), was also detected (S1 Fig, E) . Optical responses were blocked by TTX (S1 Fig, F ) 48 and DNQX (S1 Fig, F) , demonstrating their dependence on voltage-gated sodium channels and GluA 49 receptors, respectively. 50
Next, we confirmed that ChR2 could follow trains of light pulses needed to induce L-LTP. Stimuli were 51 delivered at 50 Hz (Fig 1E) , a frequency sufficient for LTP induction [10, 44] that also allows more time for 52
ChR2 to recover between stimulation episodes [14] than the higher frequencies (100 Hz or higher, including 53 theta-burst) typically used for electrical induction of LTP. Optical stimulation resulted in the trains of evoked 54 oEPSP in CA1 stratum radiatum (Fig 1E, bottom) in a pattern comparable to the one evoked by 50 Hz 55 electrical stimulation (Fig 1E, top) . However, optical responses exhibited smaller initial amplitudes and 56 underwent stronger desensitization during the trains of light stimuli. 57
Smaller amplitudes in our optical experiments could be due to incomplete ChR2 activation or to the 58 presence of ChR2 in a relatively small subset of axons. To differentiate between these possibilities, we 59 recorded oEPSP under varied light stimulus intensity. Input-output curves of oEPSP slope as a function of light 60 intensity showed an apparent saturation at maximum level of ~14.5 mW (S2 Fig). Thus, our optical stimulation 61 protocol maximized activation of all the targeted axons. 62
Optical stimulus regimes produced L-LTP that lasted for at least 3 hr ( Fig 1F) . Optically stimulated 63 ipsilateral and contralateral slices showed the same degree of potentiation. However, the likelihood of 64 achieving L-LTP varied, and the success rate was 67% and 42% for ipsilateral and contralateral slices, 17 respectively. Optical L-LTP induction was blocked by application of 2-amino-5-phosphonovaleric acid (APV), 66 reflecting a dependence on GluN receptors ( Fig 1F) . 67
To isolate the rAAV-targeted CA3 axons as the sole source of excitatory synaptic transmission and to 68 avoid possible recruitment of unlabeled fibers, we recorded oEPSP from contralateral slices with the area CA3 69 severed pre-recovery (Fig 2A) . Using contralateral slices additionally eliminated the likelihood that CA1 70 neurons could be labeled with ChR2 and stimulated independently of the CA3 axons. Severing CA3 had little 71 effect on the likelihood or magnitude of L-LTP from electrical stimulation ( Fig 2B) . In contrast, the induction rate 72 was reduced from 42% to 33% in contralateral sections with severed CA3, and the magnitude of LTP was 73 smaller at 1 hr compared to intact sections, but nearly identical by 3 hr (Figs 2C and 2D) . The magnitude of 74 electrical LTP in intact and cut slices was similar at 1 hr and 3 hr post-stimulation ( Figs 2B and 2D) . We 75 conclude that the optical stimulation of genetically specified CA3 commissural fibers is sufficient to induce L-76 LTP in the area CA1. We fixed brain slices that displayed L-LTP following optical stimulation at the 3 hr time point and had 99 robust GFP labeling ( Fig 3A, Step 1; see Materials and Methods). Orthogonal vibratome sections spanning 00 area CA1 (Fig 3A, Steps 2-3) were incubated with tyramide conjugated with Alexa Fluor 647. Membrane-01 associated mAPEX2 then catalyzed the tyramide signal amplification reaction (TSA) locally upon the addition 02 of H2O2 ( Fig 3A, Step 4) . After heavy metal staining and epoxy embedding, serial thin sections (~60 nm 03 thickness) were collected from a region of interest containing the middle of stratum radiatum (Fig 3A, Steps 5-04 7). For the series shown in Figs 3A (Step 7) , 3C, and 4, a total of 72 sections were collected from portions of 05 tissue at least 10 µm from the surface of a 50 µm thick vibratome section. 06 20 07 21 08 processing of hippocampal slices following optical L-LTP. Vibratome sections from the fixed area CA1 10 underwent tyramide signal amplification (TSA) catalyzed by mAPEX2 to deposit Alexa Fluor dye in the targeted 11 axons. The dye-labeled section was then stained with heavy metals and embedded into epoxy before being cut 12
into serial thin sections. The dye-containing axons in a subset of the sections were immunolabeled with 5 nm 13 gold particles, followed by gold enhancement. Scale bars = 100 µm. (B and B' in nm (also see S5 Fig 5) . 21
22
In a subset of sections, at the beginning and end of the series, we labeled the axons expressing 23 mAPEX2 that now contained the dye-tyramide molecules with anti-dye antibodies, then gold-conjugated 24 secondary antibodies ( Fig 3A, Step 8) . This limited labeling ensured that the ultrastructure was visible while 25 having sufficient labeling to identify the genetically-targeted axons unambiguously (Figs 3B and 3B'). We 26 considered an axon to be positively labeled if it contained gold particles in at least two of three serial sections 27 per grid. We tested 5 nm and 15 nm colloidal gold particles. Staining with smaller particles suffered from 28 relatively low signal-to-noise, limited visibility of the gold particles (nominal particle size = 5 nm vs. pixel size = 29 1.8-2.0 nm), and difficulty in distinguishing the particles from artifacts and subcellular features of similar size 30 ( Fig 3B' and S4 Fig) . Working with 15 nm gold particles improved particle visibility (Fig 3B'') but reduced 31 labeling sensitivity, making labeled axons harder to identify. We boosted the visibility of 5 nm particles by 32 increasing their size with a gold enhancement technique [45] (Fig 3A, Step 9 ). The enhanced particles were of 33 high contrast and uniformly electron-dense with smooth edges, which made them distinct from artifacts and 34 subcellular structures of similar size (e.g., glycogen granules, darkly stained membrane, and precipitation from 35 23 post-section staining; Figs 3C, 3C', and S4 Fig) . Enhancement of immunogold particles blotted on a blank grid 36 resulted in particles with diameter ranging from 2.5 nm to 85.3 nm (median = 37.1 nm), significantly improving 37 their ease of identification ( Fig 3C'' and S5 Fig) . Control sections devoid of immunogold labeling, but treated 38 with the enhancement reagent, showed electron-dense particles with the diameter ≤ 10 nm, likely resulting 39 from reagent self-nucleation (S5 Fig). We therefore excluded these small particles during identification of 40 labeled axons. Thus, in the gold enhanced material, our criterion for positively labeled axons was the presence 41 of particles > 10 nm in diameter in at least two of three consecutive sections. 42
In this 3DEM series, 23 axons (2 axons per 100 µm 2 ) were positively labeled, and 170 axons (19 axons 43 per 100 µm 2 ) contained enhanced gold particles but did not meet the criteria. The 23 axons that were 44 confirmed positive could include true and false positives, while the 170 negative axons would reflect true and 45 false negatives. To estimate the numbers in each category, we performed control immunogold labeling on 46 serial thin sections from the same rAAV-injected tissue that otherwise did not undergo labeling with the 47 tyramide-conjugated dye. In these sections, we found 223 axons containing at least one enhanced gold 48 particle (15 axons per 100 µm 2 ). None of these axons qualified as positively labeled, indicating that the false 49 positive rate is negligible. Thus, we deemed as true negatives the 15 of 19 axons per 100 µm 2 that did not 50 meet the criteria in the tyramide-labeled series. This suggests that the remaining 4 of 19 axons could be false 51 negatives under our current labeling protocol for 3DEM, and that positively labeled axons could represent 52 ~30% (2 positively labeled out of 6 containing gold particles) of rAAV targeted axons. 53
We also measured the density of boutons belonging to positively labeled axons in the 3DEM series (12 54 per 1,000 µm 3 ), and that of GFP-positive puncta in three confocal image volumes (mean = 35 per 1,000 µm 3 ; 55 range = 20 to 47 per 1,000 µm 3 ). Although measured from tissue samples from different animals, these 56 observations also suggest that the confirmed positives could represent ~30% of the rAAV targeted axons. 57
However, frequency of potential false negatives relative to the total number of axonal boutons is small (~1%, or 58 about 10-30 of 2604 boutons per 1,000 µm 3 ). It will be possible to uncover ultrastructural correlates of 59 potentiation by comparing labeled axons from slices that have and have not received optical stimulations. To 60
show that the plasticity-related ultrastructural changes are restricted to the positively labeled axons, one could 61 24 also analyze unlabeled axons from slices with or without optical stimulations. In this case, the contribution of 62 false negatives to the pool of unlabeled axons in either preparation will be extremely low, on the order of 1%. 63
The density of positive particles within labeled axons after gold enhancement was 2.85 ± 0.88 per µm 2 , 64 while the overall background particle density was 0.33 ± 0.02 per µm 2 (mean ± SEM; n = 4 sections). Thus, the 65 signal-to noise ratio was 8.7. 66
Finally, we reconstructed a labeled axon from an rAAV-infected CA3 neuron forming synapses onto 67 dendritic spines in middle stratum radiatum of the area CA1 from a slice that showed optically induced L-LTP 68 (Fig 4 and S1 Video) . This axon contained gold particles in the first three sections and three of the last four 69 sections that were immunolabeled (Figs 4A and 4C ). This axon had two multi-synaptic boutons, one of which 70 was reconstructed only partially because it was at one edge of the serial section series ( Fig 4B) . This partial 71 bouton formed synapses with two spines (s1 and s2 in Fig 4B; also see S1 Video). One of these spines (s1) 72 had another branch that formed a synapse with a separate axonal bouton that was unlabeled. The synapses 73 on the branched spine (s1) were both macular and of similar sizes (0.029 µm 2 and 0.021 µm 2 ). The bouton that 74 was completely reconstructed contained two mitochondria and formed synapses with two spines from different 75 dendrites ( Fig 4B; S1 Video) . One of these synapses was perforated (area = 0.11 µm 2 ), while the other was 76 macular (area = 0.037 µm 2 ). These findings are consistent with synapses on this axon having been potentiated 77 Light stimulation of CA3 axons resulted in robust oEPSP in ChR2-09 expressing hippocampal slices 10 In hippocampal slices prepared from rAAV injected animals, light pulses induced oEPSP that depended 11 on voltage-gated sodium channels and GluA receptors. The light intensity used for optical high-frequency 12 stimulation (HFS) was shown to achieve the maximal responses. Furthermore, the expressed ChR2 reliably 13 responded to light trains delivered at 50 Hz, a frequency sufficient to produce L-LTP [10, 44] . Together these 14 findings ensure that synapses identified by the post hoc 3DEM analysis were activated during the optogenetic 15 LTP induction protocol. 16 17 Optical L-LTP was produced in intact hippocampal slices expressing 18 ChR2-GFP and mAPEX2 19 We used high-frequency optical stimulation to induce GluN receptor-dependent L-LTP lasting at least 3 20 hr in a subpopulation of CA3→CA1 synapses containing presynaptically expressed ChR2. Recent reports 21 suggest molecular and synaptic asymmetry between right and left hippocampus affecting LTP induction and 22 endurance [11, 47] . These findings prompted us to explore induction and expression of optical L-LTP in both 23 hemispheres. The rAAV was injected into the left (ipsilateral) or right (contralateral) hippocampus, and all slices 24 were prepared from the left hemisphere. L-LTP reached similar magnitudes whether the ipsilateral Schaffer 25 collaterals or contralateral commissural axons were optically stimulated. 26
This discrepancy with the prior papers could be due to technical differences, including recording 27 configurations (field vs. single-cell recordings) or plane of hippocampal slices (transverse vs. coronal). Our 28 findings are also consistent with prior studies using electrical stimulation. For example, in rat hippocampal 29 slices where Schaffer collaterals or commissural fibers were isolated by kainic acid lesion, the properties of 30 LTP produced independently by each pathway were similar to those observed in unlesioned slices [42, 48] . 31
Recent in vivo studies with intact brain also detected a robust LTP mediated by Schaffer or commissural axons 32 [49] . 33
28
Optical L-LTP did not require recruitment of unlabeled axons 35 In order to make direct comparisons between synapses with different activation histories, optical HFS 36 must activate only the rAAV-targeted axons. In the intact contralateral system, the measured oEPSP 37 responses could be contaminated if back-propagating action potentials from labeled commissural fibers were 38 to recruit neighboring unlabeled CA3 neurons through recurrent collaterals. To test whether our oEPSP 39 responses had been amplified through light-independent intra-hippocampal connections, we compared optical 40 stimulation in contralateral slices with intact or severed area CA3. Compared to intact slices, the cut slices had 41 a lower success rate for L-LTP (42% vs. 33%), yet these results suggest L-LTP could certainly be achieved 42 without recruitment of unlabeled axons. 43
There was a slower rise to maximum LTP magnitude in the cut slices that might have been caused by 44 reduced synchronicity of firing if unlabeled axons are recruited in the intact system. Other experiments have 45 witnessed this slow rise to LTP. For example, LTP can be produced with a slow onset with frequencies 46 normally used for induction of LTD (1-5 Hz) [50] . To study synaptic connectivity and function, it is necessary to know which synapses were engaged. 58
This level of analysis has been limited by the availability of ultrastructural tools to identify activated synapses. 59
We aimed to label the targeted axons discretely without obscuring or compromising the integrity of their 60 29 subcellular and synaptic components. Since the genetically encoded mAPEX2 was expressed in the tissue and 61 compatible with microwave-enhanced chemical fixation containing glutaraldehyde, it replaced the use of pre-62 embedding antibody labeling to identify rAAV-targeted axons. mAPEX2 accommodates tyramide-conjugated 63 fluorescent dyes, which are then deposited in the targeted cells by the TSA reaction [55] . The combination of 64 mAPEX2-driven TSA reaction and post-embedding immunogold labeling allowed reliable identification of the 65 targeted cells throughout the 50 µm vibraslices, at depths not accessible by pre-embedding antibody methods 66 (< 10 µm). These features revealed optimal preservation of ultrastructure in acute slice tissue for analyses of 67 synapses and organelles after targeted optogenetic manipulations. We show that this process is compatible 68 with conventional fixation, processing, epoxy infiltration, and post-embedding immunogold labeling [56, 57] . We 69 show that only a subset of serial sections need be labeled to track axons from the targeted cells, and even in 70 the labeled sections, the particles did not obscure objects of interest. 71 L-LTP induced by electrical theta-burst stimulation in the area CA1 is associated with an increase in the 72 abundance of multi-synaptic boutons in the population of stimulated axons [46] . The 3D reconstruction of a 73 labeled axon from an optogenetically potentiated slice showed two neighboring multi-synaptic boutons, 74 consistent with this prior report, but now from an identified axon. Future work will address whether such shifts 75 in synapse configurations are dependent on activation history. 76
The methods described here provide reliable physiology and labeling compatible with conventional 77 tissue fixation and the processing techniques needed to preserve subcellular organelles. They make an ideal 78 approach to link synapse ultrastructure and function in intact circuits of genetically defined neurons. 79 80 Supporting information
